Two different extracellular proteases, protease I (P-I), an alkaline protease, and protease II (P-II) a neutral protease, from Aspergillus flavus var. columnaris were partially purified by using (NH4)2SO4 precipitation, diethylaminoethylSephadex A-50 chromatography, carboxymethylcellulose CM-52 chromatography, and Sephadex G-100 gel filtration. The degree of purity was followed using polyacrylamide gel electrophoresis. The activity of P-I was completely inhibited by 0.1 mM phenylmethylsulfonyl fluoride, and that of P-II was completely inhibited by 1 mM ethylenediaminetetraacetate. By using these inhibitors with extracts of wheat bran koji, the proportions of total activity that could be assigned to P-I and P-II were 80 and 20%, respectively. This compared favorably with activities estimated by using polyacrylamide gel electrophoresis slices (82 and 18%, respectively). Extracts from factory-run soybean koji gave comparable results. Both enzymes demonstrated maximum activity at 50 to 55°C and only small changes in activity between pH 6 and 11. For P-I, activity was somewhat higher from pH 8.0 to 11.0, whereas for P-II it was somewhat higher from pH 6 to 9. In the presence of 18% NaCl, the activities of both P-I and P-II dropped by approximately 90 and 85%, respectively. P-I was inferred to possess aminopeptidase activity since it could hydrolyze L-leucyl-p-nitroanilide hydrochloride. P-II was devoid of such activity. The ramifications of the results for factory-produced soy sauce koji are discussed.
The soy sauce fermentation industry in Thailand is typically operated on a domestic factory scale, and manufacturing techniques have been handed down through many generations without much improvement. In a previous report (4) , a strain of Aspergillus sp. isolated from such factories was used as a controlled inoculum for factory-prepared "koji" which resulted in soy sauce of quality superior to that usually produced. Since the fungus used in this work was Aspergillus flavus var. columnaris, it was cleared as aflatoxin negative (4) before being recommended for routine use in soy sauce factories in Thailand, and it was of interest to observe the result of its extended use in a factory setting. Although there have been a number of studies (7, 11, (14) (15) (16) (17) (18) (19) (20) (21) 22) on the biology of soy sauce fungi and on the purification and characterization of their proteases, most of these investigations have been carried out on the Japanese soy sauce fungus Aspergillus oryzae. This study was undertaken as part of a program to evaluate the use ofA. flavus var. columnaris in soy sauce fermentation. It was specifically aimed at the isolation, purification, and characterization of its extracellular proteases, and it included an examination of the kinetics of enzyme production in factory-prepared koji.
MATERIALS AND METHODS
Microorganism and maintenance conditions. The strain of A. flavus var. columnaris used in this study was isolated from a soy sauce koji sample obtained from a factory in Bangkok, Thailand (4) , and it has been deposited into the American Type Culture Collection as number 44310. Cultures were stored on Sabouraud dextrose agar (SDA) medium in a refrigerator. They were subcultured on petri dishes with SDA medium and incubated at 30°C for 7 days before the preparation of spore inoculum.
Chemicals. Diethylaminoethyl (DEAE)-Sephadex A-50 and Sephadex G-100 were bought from Pharmacia Fine Chemicals (Uppsala, Sweden). Carboxy-(Chicago, Ill.). Acrylamide, glycine, N,N'-methylenebisacrylamide, N, N, N',N' -tetramethylethylenediamine, and riboflavin were the products of Eastman Kodak Co. (Rochester, N.Y.). L-Leucyl-p-nitroanilide hydrochloride (C12H17N303. HCI) was bought from Wako Pure Chemical Industries, Ltd., Japan. Amido black (Aminoschwarz 10B), casein (Hammersten), and Folin-Ciocalteu phenol reagent were purchased from E. Merck (Darmstadt, Germany). All chemicals used were of analytical grade or the purest grade available.
Preparation of spore inoculum. (i) For inoculation of wheat bran koji. A loopful of spores from a 7-day colony on SDA medium was suspended in a test tube containing melted agar solution (0.7%, wt/vol), and a loopful of this suspension was transferred to each of four 500-ml Erlenmeyer flasks containing 100 ml of SDA medium. The cultures were incubated at 30°C for 7 days. The spores were then harvested by the addition of 80 ml of distilled water containing 0.5% Tween 80 followed by vigorous shaking. The resulting suspensions contained approximately 108 spores per ml, and 40 ml was used as the inoculum for wheat bran koji.
(ii) For inoculation of industrial-scale soybean koji. Spore inoculum for factory koji was prepared by using cooked, broken rice grains as the substrate. Six hundred grams of rice was mixed with 600 ml of water and autoclaved for 15 min at 1 kg/cm2. After the rice had cooled to room temperature, it was inoculated with 100 ml of spore suspension prepared as described above. The resulting density of the inoculum was approximately 107 spores per g (dry weight) of rice. Davis (5) . In all cases, stacking gels and separating gels contained 2.5 and 7% acrylamide, respectively. Samples containing between 50 and 200 ,ug of protein were layered onto each gel, and electrophoresis was carried out with a current of 2 mA per tube, with 0.005 M tris(hydroxymethyl)aminomethane-0.04 M glycine at pH 8.3 used as the running buffer. A few drops of 0.001% bromophenol blue were added as a tracking dye. By using the tracking dye as an indicator, electrophoresis was stopped at an appropriate time, and gels were removed from their tubes. They were either stained with 1% amido black as described by Davis (5) , treated with peptidase activity stain (0.01 M L-leucylp-nitroanilide hydrochloride) as described by Strongin et al. (24) , or sliced into 2-mm pieces in a macrotome GTS-I gel slicer (Yeda R & D Co., Ltd. Rehovot, Israel) and immersed in 0.05 M phosphate buffer (pH 7.0) for 1 h before proteolytic activity assays were performed. Relative migration distance (Rd) was defined as the ratio of the protein or proteolytic activity migration distance to the tracking dye migration distance.
Assay for protease activity. Protease activity was assayed by the method of Anson (1), except that 1.5% milk casein was used as the substrate and incubation was at 400C. One unit of protease activity was defined as the amount of enzyme that liberated 1 jig of tyrosine in a reaction mixture per min at 400C. In all of these assays, it was confirmed that detectable activity was proportional to the amount of protein added and that the activity increased proportionally to the increase in incubation time.
Protease activity at various temperatures was determined by using a controlled-temperature water bath during the digestion period. To determine heat stability, enzyme preparations were preincubated in a water bath at various temperatures for either 10 or 60 min before being cooled in an ice bath and subsequently assayed.
To determine the effect of NaCl on proteolytic activity, various amounts of NaCl were added to the reaction mixtures to obtain final concentrations of 5, 10, 15, 18, and 20%. To determine the effect of salinity on enzyme stability, 18% NaCl and 0.02% NaN3 were added to the crude enzyme extract, and the mixture was left standing at room temperature. Samples were taken at intervals and assayed for the remaining activity.
For protease activity determinations at various pH values, the following buffers were used with 1.5% milk casein: pH 6.0 to 9.0, 0.1 M citrate-phosphate buffer; pH 6 Figure 1 shows protease activity (expressed as kilounits per gram [dry weight] of koji) in wheat bran koji extracts. Only a very small amount of activity could be detected during the first 20 h after inoculation. Thereafter, the enzyme activity increased rapidly to a maximum level of 1.7 kU/g at 32 h of incubation. After this, the protease activity remained the same for a further incubation of 40 h. It was of interest that during the first 20 h, when protease activity was low, fungus growth (revealed by a whitish mycelial matt on the wheat bran) was very rapid. After 20 h of incubation, fungal sporulation gave the wheat bran a yellow-green color. The color deepened as the quantity and the age of the spores increased. Sporulation appeared to reach a maximum by 36 h of cultivation. Thus, the rapid increase in protease activity coincided with late growth and the formation of spores.
Based on these data, 36-h wheat bran cultures of A. flavus var. columnaris were used for the preparation of crude enzyme extracts. Partial purification of proteases of A. flavus var. columnaris. The elution profile of DEAE-Sephadex A-50 chromatography (30 ml of wheat bran crude enzyme concentrate, see above) is shown in Fig. 2 . There were two major protein peaks which contained proteolytic activity. The first peak, designated protease I (P-I), came out with the void volume, and the second peak, designated protease II (P-II), was eluted with 0.2 M NaCl in 0.01 M phosphate buffer, pH 7.0. One minor peak of protease activity was found just behind the P-II peak. However, since the activity of this peak was very small in comparison with the two major peaks, no further purification was attempted. When the eluted fractions were tested at pH 3.0 (activities shown in Fig. 2 were determined at pH 7.0), no activity was found in any fraction.
(i) Partial purification of P-I. The fractions constituting the P-I peak from the DEAE-Sephadex A-50 column (fractions 10 to 35) were pooled and concentrated to 20 ml by ultrafiltration. The concentrate was then dialyzed overnight at 4 liters of 0.01 M acetate buffer, pH 5.0. The dialyzed preparation (18 ml) was then applied to a carboxymethylcellulose column. The fractions with protease activity were pooled, concentrated by ultrafiltration, and stored at -20°C. A summary of the purification steps is given in Table 1 . P-I was purified approximately 360-fold, with a total recovery of 8%.
The amido black-stained PAGE pattern of the concentrated carboxymethylcellulose pooled fractions (partially purified P-I) is shown in Fig. 3A. There were two major protein bands. The first (Rd, 0.17) was the predominant one. The presence of a second band (Rd, 0.32) showed that the P-I preparation was not pure. Nevertheless, on the basis of proteolytic activity measured in slices of parallel-run unstained PAGE gels (Fig.  3B) , the first band (Rd, 0.17) was the only one with proteolytic activity, and it could be identified as P-I. Staining PAGE gels of P-I preparation with L-leucyl-p-nitroanilide hydrochloride produced one peak of absorbency coincident with P-I (Rd, 0.17) (Fig. 4) , and this indicated that P-I also possessed peptidase activity.
(ii) Partial purification of P-II. The fractions constituting the P-II peak from the DEAESephadex A-50 column (fractions 200 to 225) were pooled (270 ml), concentrated to 4 ml by ultrafiltration, and dialyzed overnight with 0.05 M phosphate buffer, pH 7.0. The dialyzed solution was loaded onto a Sephadex G-100 column. Protease-active fractions were pooled (57 ml), concentrated to 4.5 ml by ultrafiltration, and then applied to a second Sephadex G-100 column. The fractions with protease activity were pooled and stored at -20°C for further study. A summary of the purification steps is given in (Fig. 5) , and this was labeled P-II. Unlike P-I, P-II was found to be devoid of peptidase activity when stained with 0.01 M L-leucyl-p-nitroanilide hydrochloride. However, some peptidase activity was associated with the protein band at an Rd of 0.83 (Fig. 5B) .
Separation of P-I and P-H in crude enzyme extracts by using PAGE. Data in the previous sections showed that on polyacrylamide gel, P-I and P-II corresponded to protein bands of Rd values of 0.17 and 0.68, respectively. This suggested that two proteases could be unambiguously separated from one another in crude extracts by using PAGE and that such a technique might be used to determine the rela- (Fig. 6B ) and consequently to P-I and P-II, respectively. Calculations revealed that the relative activities of P-I and P-II were approximately 82 and 18%, respectively. An identical analysis (data not shown), using crude enzyme extracts from soybean koji, gave relative activities of P-I and P-II of approximately 77 and 23%, respectively.
Determination of relative activities of P-I and P-II by using specific inhibitors.
EDTA is known for its inhibition of metal-chelator-sensitive proteases, and PMSF is known for its inhibition of serine proteases. The effects of these two inhibitors were tested on the partially purified preparations of P-I and P-II (Table 3). It was concluded that 0.1 mM PMSF almost completely inhibited (99%) P-I activity, but had little or no effect on P-II activity (i.e., the decrease in P-II activity in the PMSF treatment could be attributed almost entirely to the isopropanol solvent for PMSF). On other hand, 1 mM EDTA almost completely inhibited (99%) the activity of P-II, but had little effect on P-I (original activity remained). These results suggested that P-I was a serine protease and that P-II was a metal-requiring protease.
The ability of EDTA and PMSF to specifically inhibit different proteases with very minimum cross-reaction presented the possibility of determining the relative activities of P-I and P-II in crude enzyme preparations. When such an experiment was carried out, it showed that the activity in crude enzyme extract of wheat bran culture could be attributed 80% to P-I and 20% to P-II. When crude enzyme extract from soybean koji was used, this changed to 70% for P-I and 30% for P-II. These relative activities are comparable to those calculated by using the sliced-gel experiments described above.
Properties of P-I and P-II. In view of the well-established role of proteases in the brewing of soy sauce, it was felt that studies on activities of P-I and P-Il at different pH values, temperatures, and salt concentrations might be useful for evaluating brewing procedures in koji and moromi fermentations. Again, selective inhibition by EDTA or PMSF was useful in determining the activity of only one enzyme at a time in mixtures containing both P-I and P-II.
The activity of P-I was found to be highest in the alkaline range (between pH 8.5 and 9.0 in 0.05 M glycine-NaOH buffer), but there was no sharp peak. For P-II, the highest activity was between 7.0 and 7.5 (0.05 M citrate-phosphate buffer), although again there was no sharp peak and the activity was only slightly higher than that from pH 6.0 to 7.0. The activity of P-II decreased slightly when the pH was increased from 7.5 to 11.0 and then rapidly dropped above pH 12 .0.
When the activity of the enzymes was assayed at various temperatures, the optimum for casein digestion was between 50 and 55°C for both P-I and P-II; 50% of P-I and 15% of P-II activity was lost when the enzymes were incubated at 50°C for 10 min. Both enzymes were completely inactivated when they were incubated at 70°C for 10 min. The presence of sodium chloride greatly reduced the activity of both enzymes. The respective activities of total protease and of P-I and P-II dropped sharply to 13, 12, and 17% of their original activities immediately after the addition of 15% NaCl. Further increases in NaCl beyond 15% resulted in only slight further reductions in enzyme activities. At 18 and 20% NaCl (i.e., the percent salinities commonly used in the moromi stage of soy sauce production), the respective activities of P-I and P-II remaining were only 10 and 15% of the original. Measurement of the stability of this residual activity for P-I and P-Il after 18% NaCl addition and incubation at room temperature in the presence of 0.02% NaN3 gave the following results. For P-II, the residual activity remained rather constant throughout 45 days of incubation (i.e., at 15% of the original activity). For P-I, it decreased a further 5% to give approximately 5% of the original activity at the end of 45 days.
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on July 6, 2017 by guest http://aem.asm.org/ Downloaded from at pH 7.0), rather than nonproduction, could account for this absence. The stability pH of the acid protease of A. oryzae, for example, was reported to be between pH 2 and 6 (10). However, since the pH of both the soybean koji and the early moromi are near 7.0, the practical role played by a sensitive acid protease in soy sauce brewing would be minimal. Yong and Wood (27) report that alkaline and neutral proteases play 
DISCUSSION
The data presented here indicate that the strain of A. flavus var. columnaris used in this study produced two major proteases, P-I (an alkaline protease) and P-II (a neutral protease).
There was no evidence for the existence of an acid protease in assays of crude enzyme extracts or in fractions from DEAE-Sephadex A-50 column chromatography. Perhaps irreversible denaturation by the conditions used for extraction of crude enzyme (i.e., 0.05 M phosphate buffer panol a Reaction mixtures contained 1.0 ml of enzyme preparation with or without inhibitors and 1.0 ml of 1.5%
casein. Proteolytic activities were determined as described in the text. b 26 ,ug of P-I per ml was used.
c 67 jig of P-II per ml was used. d 145.5 ,ug of albumin equivalent per ml for wheat bran koji and 65 ,ig/ml for soy sauce koji.
'ND, Not determined. a significant role in the digestion of soybean protein during soy sauce processing, and most reports dealing with proteases isolated from A. oryzae or A. sojae (the most common fungi reported in soy sauce manufacture) are usually focused on these proteases (7, 12, 18-20, 21, 22) . The activity profiles of the alkaline P-I and neutral P-II described in this study are similar to those for proteases described from other fungi in the A. flavus-A. oryzae group. In a manner similar to that of P-I, alkaline proteases of A. oryzae (3, 13, 24) , A. sojae (5a), and A. flavus (25) were found to be either inhibited by diisopropyl fluorophosphate or PMSF, and maximum activities fell within the pH range of 8 to 10.5 (3, 7, 11, 13, 24) . As with P-II, neutral proteases of A. oryzae (12, 19, 20) and A. flavus (8) , were inhibited by EDTA, and the optimum pH values for activities of neutral proteases of A. oryzae (3, 19, 20) and A. sojae were in the range of 5.5 to 7.0. The temperature for maximum enzyme activity for P-I and P-II (50 to 5500) was also the same as that reported for A.
oryzae (3, 12) . However, Nakadai et al. (18) reported that an alkaline protease from A. oryzae had neither carboxypeptidase nor aminopeptidase activity, and this contrasts with the results for P-I reported here. The difference may be characteristic or may have resulted because of impurity of the P-I preparation.
The kinetics of total protease production in wheat bran and soy sauce koji showed that the largest increase in protease activity appeared in the late phase of fungal growth. This agrees with a report by Maxwell (11) for gelatinase activity with A. oryzae grown in steamed wheat bran. Also, Bergkvist (2) found that A. oryzae, when grown in submerged cultivation on a proteinand carbohydrate-rich medium shows a marked increase in proteolytic enzymes as soon as abundant spore formation occurs. Yamamoto (26) reported a similar result for A. sojae strain KS.
Although the kinetics of protease production in wheat bran and soybean koji were found to be similar, the amount of protease produced was not (i.e., 1.70 kU/g [dry weight] of wheat bran and 0.85 kU/g [dry weight] of soybeans). Also, the maximum level of protease was reached much sooner in wheat bran koji (36 h) than in soybean koji (48 h). These differences could have arisen from a number of factors including the type of substrate used, the incubation temperature, the pH of the medium, the moisture content of the medium, etc. Maxwell (11) reported a substrate effect when A. flavus-oryzae is used, and Yamamoto (27) reported a temperature effect when A. oryzae is used. This study (data not shown) showed that the kinetics of P-I and P-II production in soy sauce koji paralled those for total protease production. These results led to a recommendation for reducing the length of koji fermentation before transfer to salt brine from the traditional 4 to 7 days to only 2 days. This has meant more than a doubling of koji production capacity without any expansion of production facilities. The inhibitory effect of NaCl on P-I and P-II was similar to that reported by Nakadai et al. (18) (19) (20) for the alkaline and neutral proteases of A. oryzae. In addition, we have shown here that the residual proteolytic activity of P-I and P-II stored in 18% salt solution for 45 days was rather stable, but that the activity of the neutral protease (P-II) was more stable than that of the alkaline protease (P-I).
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This could be an important consideration in the selection of high-protease fungal strains if one wished to increase moromi proteolysis via kojiproduced enzymes. However, the most obvious conclusion from these results is that any substantial increase in soybean proteolysis via the koji-produced enzymes must be accomplished before the moromi incubation. With this in mind, together with the data on the temperature for maximum enzyme activity, a process has been devised to increase proteolysis by briefly incubating the koji (1 to 2 h) at 50 to 55°C at the end of the regular 2-day fermentation. This scheme is presently being tested, and it is hoped that it will increase proteolysis and perhaps reduce the time necessary for moromi incubation.
The reason for the difference in the proportional activities of P-I and P-II in wheat bran koji (8:2) and soybean koji (7:3) extracts is not immediately apparent. Perhaps differences in enzyme affinity (binding) for the substrate (22) or the presence of repressor components in the substrate (22) could account for this phenomenon. In any case, one should view the data on the relative activities presented here with some caution, especially when extrapolating them to soy sauce brewing. This is because all enzyme assays were performed using milk casein as the substrate, and therefore the proportion of total enzyme activity attributed to P-I and P-II can be strictly stated only for casein. The point is important, since Hattori and Matsuyama, as cited by Sekine et al. (22) , have shown that the neutral protease from A. sojae has higher hydrolytic activity on soybean glycinine than does the alkaline protease. Also, the neutral protease has a higher affinity for soybean protein than for casein (23) . More tests are necessary with soybean protein as the substrate before the precise activities of P-I and P-II may be given for soybean koji. Molecular weight determinations are necessary before precise quantities of P-I and P-II may be determined.
